Purpose: This study was designed to evaluate phenotypic and genotypic properties of persister cells formed by Staphylococcus aureus ATCC 15564 (SA WT ), oxacillin-induced S. aureus (SA OXA ), ciprofloxacin-induced S. aureus (SA CIP ), and clinically isolated multidrug-resistant S. aureus CCARM 3080 (SA MDR ). Methods: The dose-dependent biphasic killing patterns were observed for SA WT , SA OXA , SA CIP , and SA MDR in response to twofold minimum inhibitory concentrate (MIC) of ciprofloxacin. The surviving cells of SA WT , SA OXA , SA CIP , and SA MDR after twofold MIC of ciprofloxacin treatment were analyzed using a metabolic-based assay to estimate the fractions of persister cells.
Introduction
Over the past few decades, the overuse and misuse of antibiotics have accelerated the emergence and spread of antibiotic-resistant Staphylococcus aureus, specifically methicillin-resistant S. aureus (MRSA) (Deguchi et al. 2018) . The frequent use of antibiotics potentially exerts selection pressure on S. aureus, resulting in an increased resistance to multiple antibiotics (Sakoulas et al. 2006) . MRSA is the leading cause of hospitaland community-acquired infections, including sepsis, bacteremia, osteomyelitis, and endocarditis (Lowy 1998; Conlon 2014) . The antibiotic selection pressure can provide a survival strategy for MRSA conferring fitness benefits and eventually lead to treatment failure (Sahukhal et al. 2017) . The bacterial response to antibiotic stress causes phenotypic switching from normal to persister, tolerant, and resistant cells (Balaban et al. 2004; Lewis 2007; Kester and Fortune 2014) . Persistence, tolerance, and resistance are mainly characterized by bacterial growth rates in the presence of antibiotic stress. Persistence is a metabolically inactive state that bacterial sub-population enters a dormant state under stressful conditions. Tolerance is a state that slow-growing bacteria dominate the population, while resistance is defined as the ability of bacteria to grow at the same rate in the presence of antibiotic stress (Fernández-García et al. 2018 ). Among them, however, the persistence has been relatively overlooked in the evolution of antibiotic resistance in bacteria.
Recently, the persistence has received growing attention as a new approach for controlling antibioticresistant bacteria (Fernández-García et al. 2018 ). The persistence is reversible phenotypic switching associated with heterogeneous bacterial populations (Balaban et al. 2004; Patra and Klumpp 2013) . Persister cells also play an important role in the emergence of antibiotic resistance, resulting in antibiotic treatment failure (Dörr et al. 2010) . Factors affecting the persister cell formation include efflux pump systems, SOS response, energy production, signal transduction, stringent response, protein degradation, and toxin-antitoxin (TA) systems (Lewis 2010; Fasani and Savageau 2013; Harms et al. 2016; Sahukhal et al. 2017) . Understanding the characteristics of persistence is essential to optimize antibiotic chemotherapy (Girgis et al. 2012 ). However, the precise mechanism of persistence is not clearly understood. Therefore, the objectives of this study were to evaluate the phenotypic switching to persister cells of antibiotic-resistant S. aureus when exposed to a high level of ciprofloxacin.
Materials and methods

Bacterial strains and culture conditions
Strains of Staphylococcus aureus ATCC 15564 (SA WT ) and clinically isolated multidrug-resistant S. aureus CCARM 3080 (SA MDR ) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and the Culture Collection of Antibiotic Resistant Microbes (CCARM, Seoul, Korea), respectively. The strains were cultured in tryptic soy broth (TSB; Difco, Becton, Dickinson and Co., Sparks, MD, USA) at 37°C for 20 h. The cultured cells were harvested by centrifugation at 3000×g for 20 min at 4°C, washed twice with phosphate-buffered saline (PBS; pH 7.2), and then diluted with TSB prior to use.
Stepwise selection assay SA WT cells were exposed to oxacillin and ciprofloxacin to obtain experimentally induced antibiotic-resistant S. aureus. The minimum inhibitory concentrate (MIC) values of oxacillin and ciprofloxacin are 0.25 and 0.5 μg/ml, respectively. According to the serial passage method (Birošová and Mikulášová 2009) , the concentrations of oxacillin and ciprofloxacin were increased from 0.125 (a half the MIC) to 8 μg/ml and from 0.25 (a half the MIC) to 32 μg/ml, respectively. The oxacillin-and ciprofloxacin-induced isogenic SA WT strains were assigned to oxacillin-induced S. aureus (SA OXA ) and ciprofloxacin-induced S. aureus (SA CIP ), respectively. The antibiotic-induced resistance in SA OXA and SA CIP were extensively cultured for 10 passages in antibiotic-free TSB to confirm the stability of antibiotic resistance.
Antibiotic susceptibility assay
The antibiotic susceptibilities of SA WT , SA OXA , SA CIP , and SA MDR to the selected antibiotics were determined according to the Clinical Laboratory Standards Institute (CLSI) broth microdilution assay (CLSI 2019). Antibiotic stock solutions were prepared by dissolving in distilled water (ampicillin, cephalothin, gentamicin, oxacillin, and vancomycin) and glacial acetic acid (ciprofloxacin) to obtain a final concentration of 10.24 mg/ml. Each antibiotic stock solution was serially (1:2) diluted in 96-well microtiter plates and then inoculated with SA WT , SA OXA , SA CIP , or SA MDR (10 5 CFU/ml each). The inoculated plates were incubated at 37°C for 18 h. The lowest antibiotic concentrations with no visible growth were defined as minimum inhibitory concentration (MIC).
Induction of persister cells
To induce persister cells, SA WT , SA OXA , SA CIP , and SA MDR cells were exposed to different concentrations (1/2 to twofold MIC) of ciprofloxacin. After 24 h of incubation at 37°C, the cells were collected by centrifugation at 3000×g for 20 min at 4°C, serially (1:10) diluted, and plated on TSA using an Autoplate Spiral Plating System (Spiral Biotech Inc., Norwood, MA, USA). The plates were incubated at 37°C for 24-48 h to enumerate viable cells. In addition, the harvested cells were further analyzed to investigate phenotypic and genotypic properties of persister cells.
Measurement of persister cells
The metabolic activities of SA WT , SA OXA , SA CIP , or SA MDR cells exposed to twofold MIC of ciprofloxacin at 37°C for 24 h were measured using a WST kit (iNtRON Biotechnology, MA, USA). In brief, the harvested cells (100 μl each) were placed in 96-well plates and mixed with 10 μl of the pre-warmed mixture of electroconnecting solution (10 μl) and WST-1 reagent (100 μl). The plates were incubated for 5 h. The absorbance was measured at 440 nm using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) with a reference wavelength of 650 nm. A standard curve was prepared at serially diluted controls from 10 8 to 10 2 CFU/ml and measured as described above.
Estimation of fitness cost of resistance
The relative fitness was estimated to evaluate the pleiotropic cost of resistance of SA WT , SA OXA , SA CIP , or SA MDR cells exposed to twofold MIC of ciprofloxacin at 37°C for 24 h. The persister cells were cultured at 37°C for 24 h in antibiotic-free TSB. The relative fitness was expressed as the ratio of the growth (OD 600 ) of persister cells to that of control.
Disk diffusion assay
The ciprofloxacin-exposed SA WT , SA OXA , SA CIP , and SA MDR cells were regrown in fresh TSB at 37°C for 20 h, which were used to evaluate the antibiotic susceptibilities by the disk diffusion test. The cultured cells were spread on TSA plates and the plates dried for 5 min. Antibiotic disks, including cefotaxime (CEF; 30 μg), cephalothin (CEP; 30 μg), chloramphenicol (CHL; 30 μg), ciprofloxacin (CIP; 5 μg), erythromycin (ERY; 15 μg), levofloxacin (LEV; 5 μg), and meropenem (MER; 10 μg), were placed onto TSA. After incubation at 37°C for 24 h, the diameters of clear zone were measured using a digital vernier caliper (The L.S. Starrett Co., Athol, MA, USA). The changes in resistance were expressed as the equation: resistance (%) = [(inhibition zone of control − inhibition zone of persistence)/inhibition zone of control] × 100.
Quantitative RT-PCR assay
An RNeasy Protect Bacteria Mini kit (Qiagen, Hilden, Germany) was used to extract. Briefly, the re-growing cells of SA WT , SA OXA , SA CIP , and SA MDR treated with twofold MIC of ciprofloxacin were mixed with RNAprotect Bacteria Reagent (1 ml). After centrifugation at 3500×g for 20 min, the collected cells were lysed with lysozyme-containing buffer and then RNAs were extracted through an RNeasy mini column. The extracted RNAs washed with a Wipe buffer to remove the genomic DNA were mixed with RT buffer, RT primer mix, and a master mixture of reverse transcriptase. After incubation at 42°C for 15 min, the master mixture was incubated at 42°C for 15 min and consecutively 95°C for 2 min and mixed with each primer (2 μl; Table 1 ), 2× QuantiTect SYBR Green PCR Master (10 μl), and cDNA (2 μl), and RNase-free water (4 μl). Each PCR mixture (20 μl) was run at 95°C (30 s), 45 cycles of 95°C (5 s), 55°C (20 s), and then 72°C (15 s) using an QuantStudio™ Real-Time PCR System (Applied Biosys-tems™, USA). The comparative method was used to estimate the relative expression levels of genes (Livak and Schmittgen 2001) . The C T values of target genes in SA WT , SA OXA , SA CIP , and SA MDR cells were compared to the C T values obtained from the untreated respective control cells, which was normalized by the reference gene (16S rRNA).
Statistical analysis
All experiments were carried out in three biological replicates. The obtained data were analyzed by the Statistical Analysis System (SAS) software. The general linear model (GLM) and least significant difference (LSD) procedures were applied to compare among SA WT , SA OXA , SA CIP , and SA MDR persister cells at p < 0.05.
Results and discussion
In this study, ciprofloxacin, the gyrase inhibitor, was used to induce persister cells. This study demonstrates the effect of ciprofloxacin treatment on the characteristic features of recovered persister cells formed by various antibiotic-resistant S. aureus strains (SA WT , SA OXA , SA CIP , and SA MDR ). Not only antibiotic-resistant bacteria but also antibiotic-tolerant persisters can cause serious health problems, resulting in antibiotic treatment failure (Dörr et al. 2010; Giraud et al. 2017 ). However, the formation of persister cells and their characteristics still remain unclear. Therefore, in this study, the phenotypic and transcriptomic properties were analyzed to characterize the persistence of various antibiotic-resistant S. aureus strains in response to ciprofloxacin.
Induction of persister cells
The inactivation characteristics of SA WT , SA OXA , SA CIP , and SA MDR were examined as a function of ciprofloxacin concentration as shown in Fig. 1 . The dose-dependent biphasic killing patterns were observed for SA WT , SA OXA , SA CIP , and SA MDR treated with different ciprofloxacin concentrations ranging from zero-to twofold MIC, which were characterized by rapid initial inactivation followed by distinct tailing. The non-growing subpopulation in SA WT , SA OXA , SA CIP , and SA MDR remained persistent under ciprofloxacin treatment, showing 4-5 log CFU/ml after twofold MIC of ciprofloxacin treatment (Fig. 1) . This suggests that the heterogeneous bacterial populations exposed to bactericidal antibiotics elicit dose-dependent biphasic killing patterns, which are characteristic features of persister cells (Keren et al. 2004; Dörr et al. 2010; Knudsen et al. 2013) . To ensure the phenotypic switching to persister cells of SA WT , SA OXA , SA CIP , and SA MDR , the ratios of surviving persister cells after treatment with twofold MIC of ciprofloxacin were measured using a metabolic- based assay for eliminating persister cells (Fig. 2) . The highest levels of persistence frequency were SA MDR (91%) and SA OXA (86%) after twofold MIC of ciprofloxacin treatment, followed by SA WT (78%). The least persister cells were induced in SA CIP exposed to twofold MIC of ciprofloxacin, suggesting that SA CIP was adapted to ciprofloxacin during the pre-exposure to ciprofloxacin. The persistence frequency varied with the classes of antibiotics and the degrees of antibiotic resistance in bacteria (Johnson and Levin 2013) . The phenotypic variation is a bacterial survival strategy under unfavorable conditions, leading to the acquired resistance to stresses (Rahman et al. 2017) .
Phenotypic resistance to antibiotics
The relative fitness was estimated by comparing the growth of persister cells to the growth of untreated control cells (Fig. 3) . The lowest fitness cost was associated with the development of multidrug resistance that provides survival benefit during the antibiotic treatment (Patra and Klumpp 2013) . The highest relative fitness of resistance was observed at SA CIP persister cells (0.95), followed by SA MDR (0.70) and SA OXA (0.49). The least relative fitness of resistance was 0.26 for SA WT , indicating the highest fitness cost. The antibiotic resistance of the re-growing persister cells of SA WT , SA OXA , SA CIP , and SA MDR treated with twofold MIC of ciprofloxacin was compared to the untreated control cells (Fig. 4) . The recovered persister cells of SA WT had high fitness cost (Fig. 3) , resulting in the reduced frequency of resistance in the presence of antibiotics (Fig. 4) (Andersson and Hughes 2011) . The various antibiotic resistances were observed for the cells recovered from the persisters of SA WT , SA OXA , SA CIP , and SA MDR exposed to twofold MIC of ciprofloxacin (Fig. 4) , indicating the inherent resistance to antibiotics can affect the phenotypic properties of persister cells (Johnson and Levin 2013) . The development of cross-resistance was noticeable in the recovered persister cells of SA OXA , SA CIP , and SA MDR . The recovered persister cells of SA WT , SA OXA , SA CIP , and SA MDR showed highly enhanced resistance to erythromycin. No changes in the resistance to cephalothin, ciprofloxacin, and erythromycin were observed for recovered persister cells of SA MDR because the untreated control cells previously acquired high-level resistance to those antibiotics. The phenotypic switching can be occurred by non-stress-mediated stochastic and stressmediated responsive mechanisms (Kussell and Leibler 2005) . The bacterial survival strategy in the presence of antibiotics is responsible for the increased mutation rates, leading to the development of antibiotic resistance (Li et al. 2017 ). The antibiotic-resistant bacteria encoding pre-resistome genes can response to lethal stresses as survival mechanisms, inducing different bacterial phenotypes such as resistance, tolerance, and persistence (Morosini and Cantón 2011; Galán et al. 2013; Brauner et al. 2016) . In general, the persister cells formed by environmental stresses are Fig. 4 Percentage resistance of the re-growing cells of Staphylococcus aureus ATCC 15564 (SA WT ), oxacillin-induced S. aureus (SA OXA ), ciprofloxacin-induced S. aureus (SA CIP ), and clinically isolated multidrug-resistant S. aureus CCARM 3080 (SA MDR ) exposed to twofold MIC of ciprofloxacin at 37°C for 24 h compared to the respective untreated control. The MICs of ciprofloxacin against SA WT , SA OXA , SA CIP , and SA MDR were 2, 1, 32, and 32 μg/ml, respectively. Different letters (A-C) on the bars within strains are significantly different at p < 0.05 and different letters (a-c) on the bars within antibiotic are significantly different at p < 0.05. nc denotes no change in antibiotic resistance. CEF cefotaxime, CEP cephalothin, CHL chloramphenicol, CIP ciprofloxacin, ERY erythromycin, LEV levofloxacin, MER meropenem reversible switching to parental state (Fisher et al. 2017; Nicol et al. 2019) . The phenotypic changes to persister cells may play an important role in the antibiotic resistance (Rahman et al. 2017) . The SOS-induced persister cells of SA WT , SA OXA , SA CIP , and SA MDR might be formed upon exposure to ciprofloxacin (Marques 2015) . The phenotypic and genotypic variations of persister cells regrown in favorable condition are not distinguishable from those of antibiotic-sensitive parent cells (Fisher et al. 2017; Wu et al. 2017; Nicol et al. 2019 ). Persister cells have been known to be quiescent (Keren et al. 2004; Patra and Klumpp 2013; Wu et al. 2017) . In contrast to previous studies, the results obtained from this study point out the variable persistence frequency, relative fitness, and resistance, depending on the nature of antibiotic resistance in S. aureus (SA WT , SA OXA , SA CIP , and SA MDR ).
Differential gene expression
The relative expression of stress-related genes (dnaK and groEL) and efflux pump-related genes (mepR, norA, and norB) was observed in the recovered persister cells of SA WT , SA OXA , SA CIP , and SA MDR treated with twofold MIC of ciprofloxacin compared to respective untreated controls (Fig. 5 ). The highest expression levels of dnaK and groEL genes were observed in SA OXA and SA MDR , showing more than fourfold increase, whereas the relative expression level of danK in SA CIP was decreased by more than twofold (Fig. 5) . The DnaK system (dnaK, dnaJ, and grpE) and the GroE system (groES and groEL) prevent stress-induced protein misfolding and aggregation, known as molecular chaperones (Cardoso et al. 2010) . The transcriptional levels of dnaK and groEL mRNAs are increased in the presence of antibiotics, resulting in antibiotic resistance (Cardoso et al. 2010) . The overexpression of dnaK gene in S. aureus can cause increases in the resistance to βlactam antibiotics (Singh et al. 2007 ). The relative expression levels of efflux pump-related genes (mepR, norA, and norB) followed the similar pattern as those of stress-related genes (dnaK and groEL) in SA WT , SA OXA , SA CIP , and SA MDR with the exception of norA gene in SA WT . The norA gene was suppressed by more than fivefold in SA WT . The highest expression levels of dnaK, groEL, mepR, norA, and norB were observed in SA OXA and SA MDR , whereas those stress-and efflux pump-related genes were the least stable in SA CIP . The overexpression of mepR, norA, and norB in SA OXA and SA MDR (Fig. 4) corresponds to the antibiotic resistance to different classes of antibiotics. This observation indicates a positive relationship between efflux pump activity and persistence (Rahman et al. 2017) . The efflux pump systems are still active in persister cells (Pu et al. 2016; Rahman et al. 2017 ). The norA and norB genes encoding multidrug efflux pump belong to the major facilitator superfamily (MFS), which are mainly involved in transport of antibiotics such as norfloxacin and ciprofloxacin using the proton motive force (Costa et al. 2013) . NorB plays an important role in the fitness of Staphylococcus aureus, leading to pathogenesis (Ding et al. 2008) . The MepR, a regulatory protein, represses Fig. 5 Relative gene expression in the re-growing cells of Staphylococcus aureus ATCC 15564 (SA WT ; white square), oxacillin-induced S. aureus (SA OXA ; light gray square), ciprofloxacin-induced S. aureus (SA CIP ; dark gray square), and clinically isolated multidrug-resistant S. aureus CCARM 3080 (SA MDR ; black square) exposed to twofold MIC of ciprofloxacin at 37°C for 24 h compared to the respective untreated control the multidrug transporter (MepA), belonging to the multidrug and toxic compound extrusion (MATE) family (Kaatz et al. 2006; Costa et al. 2013) .
In conclusion, this study highlights the dynamics of persister formation in different antibiotic-resistant SA WT , SA OXA , SA CIP , and SA MDR , connecting between antibiotic resistance, tolerance, and persistence. The persister cells formed by different antibiotic-resistant SA WT , SA OXA , SA CIP , and SA MDR exhibited the variable patterns of phenotypic and genotypic variations, showing the highest persistence frequencies in SA OXA and SA MDR , the lowest fitness cost in SA CIP , and the development of multiple antibiotic resistance in SA OXA and SA CIP . The pre-existing antibiotic resistance can affect the phenotypic switching to persister cells of SA WT , SA OXA , SA CIP , and SA MDR . The persister cells formed by multidrug-resistant bacteria can easily acquire resistance to additional antibiotic treatment. The level of persistence is associated with the class and dose of antibiotics. The responses of different antibiotic-resistant bacteria to antibiotics can be useful information for designing effective antibiotic treatment regimens. Not only antibiotic-resistant bacteria but also persister cells can cause chemotherapeutic failure. Therefore, this provides valuable insight into the phenotypic and genotypic properties of persister cells.
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